compared to untreated controls (p = 0.000), and median survival in the used transgenic mouse model was prolonged (110 vs. 119 days; p = 0.75). Quantitative real-time PCR for downstream target genes of HSP90 demonstrated significant downregulation in the islet cell tumors of RIP1-Tag2 mice treated with AUY922, confirming our ability to achieve effective pharmacologic levels of AUY922 within the desired tissue site in vivo. Conclusion: This is the first study to show that the HSP90 antagonist AUY922 may provide a new option for therapy of islet cell neoplasms.
Inhibition of Heat
. The natural history of pNENs is highly variable. Small, benign neoplasms such as 90% of all sporadic insulinomas are readily curable by surgical resection. Most other functional and all NF-pNENs have a less favorable prognosis. Survival is determined usually by the natural history of the neoplasm, its local aggressiveness and the development of distant metastases. Metastases usually occur first in the liver and are amenable to treatment by several invasive techniques [1] [2] [3] . The major effect of established biotherapy with interferon and somatostatin analogues is tumor growth stabilization rather than inducing regression [4] . New molecular-targeted therapies that exploit some of the well-known biological properties of pNENs, such as presence of somatostatin, peptide and tyrosine kinase receptors or high vascularity, are currently being evaluated in clinical trials [5] . Recently, Mayer et al. [6] found heat shock protein 90 (HSP90) to be expressed in 95% of specimens from pNEN patients. HSP90 is a molecular chaperone that comprises 1-2% of total cellular protein content and regulates the correct folding, activity, function, and stability of over 200 client proteins [7] . Under the circumstances of enhanced stress on the cell, the amount of intracellular HSP90 is augmented to levels of 4% or more of the total protein concentration [8] .
Among the HSP90 client proteins, growth factor receptors [e.g. insulin-like growth factor-I receptor (IGF-IR), epidermal growth factor receptor (EGFR) or cMET], intracellular signaling intermediates (e.g. Akt, ERK, BRAF) and transcription factors (e.g. HIF-1α, c-Myc) have been implicated in tumor growth and metastasis in pNENs [9] [10] [11] [12] . We and others have previously shown that treatment with HSP90 blockers impairs activation and expression of these client proteins in various cancer models [13] [14] [15] . Recently, synthetic inhibitors of HSP90 belonging to the family of isoxazole derivatives have entered clinical phase trials [16, 17] . Among them, AUY922 is one of the most potent isoxazole-based small-molecule inhibitors of HSP90 that has already shown antineoplastic activity in some tumor models [15, 17] . Therefore, targeting HSP90 with AUY922 might also be a promising approach for therapy of pNENs.
The RIP1-Tag2 mouse model of pancreatic islet carcinoma represents a model of spontaneous multistep tumorigenesis. Transgenic mice express the oncogene SV40 T antigen (Tag) under the control of the rat insulin gene promoter (RIP) and display distinct stages of tumor progression: onset of hyperproliferation, induction of angiogenesis and formation of solid tumors [18] . Among RIP-Tag transgenic lines, RIP1-Tag2 mice express the oncogene during embryonic development and succumb to insulinomas by the age of 14 weeks. Tumor development in these mice proceeds through a series of discrete stages, in which approximately 50% of the 400 islets in the pancreas become hyperproliferative, of which a subset subsequently acquires the ability to switch on angiogenesis. A subset of these angiogenic islets develops into tumors, both benign, encapsulated lesions and invasive carcinomas [19] . Therefore, this model provides a unique opportunity to study the effect of new drug therapies in a preclinical setting [20] .
In the present study, we show that pharmacological HSP90 blockage with AUY922 impairs activation of oncogenic signaling in vitro and reduces tumor growth, and prolongs survival in the RIP1-Tag2 model. In summary, these results provide a solid basis for the use of HSP90 inhibitors in clinical strategies for therapy of pNEN.
Material and Methods

Mice
The generation of RIP1-Tag2 mice as a model of pancreatic islet cell carcinogenesis has been previously reported [18] . The mice used in this study were males and females of the RIP1-Tag2 transgenic mouse lineage inbred in the C57Bl/6J background. All experiments had been approved by the local Committees for Animal Care and Use. All animals were maintained in a climate-controlled room kept at 22 ° C, exposed to a 12: 12-hour light-dark cycle, fed standard laboratory chow, and given water ad libitum.
Genotyping
For genotyping, genomic DNA was extracted from tail cuttings using the REDExtract-N-Amp TM Tissue PCR kit (Sigma-Aldrich, Saint Louis, Mo., USA). A PCR reaction was carried out for each animal to test for the presence of Tag2. Primer sequences used were: TAG1 -5 ′ -GGA CAA ACC ACA ACT AGA ATG CAG-3 ′ and TAG2 -5 ′ -CAG AGC AGA ATT GTG GAG TGG-3 ′ .
HSP90 Inhibitor AUY922
AUY922 was kindly provided by Novartis Oncology (Basel, Switzerland). The chemical structure of AUY922 is shown in figure 1 . According to Novartis, the oral bioavailability of AUY922 is very low in rodents despite a high intrinsic absorption. This is likely due to a high first pass metabolism and rapid clearance. Since the oral bioavailability of AUY922 is low, the preferred route of administration is i.p.
Drug Treatment
RIP1-Tag2 transgenic mice were randomly assigned to receive either (a) mock treatment (n = 29) or (b) AUY922 (n = 29). Twenty animals of each group were treated from week 5 until week 12. Nine mice from each group were treated from week 5 until death or severe signs of hypoglycemia. For in vivo dosing in mouse tumor models, doses between 25 and 50 mg/kg/twice per week i.p. have been recommended [15, 17, 21] . For the present study, a dos- 302 age of 25 mg/kg/twice a week i.p. was chosen. This dosage was suggested by Novartis as being that equivalent to a dosage given to patients. For mock treatment, a vehicle solution for AUY922 was given. In cases where littermates were available for drug treatment, only the first mouse was randomly assigned to one of the two given treatment groups; the second littermate was then assigned to the 'matched' control arm. This scheme was chosen in order to obtain the highest possible degree of consistency and to avoid randomization bias as far as possible.
Preparation of AUY922
As vehicle, a solution of 5% glucose was prepared. The calculated amount of AUY922 powder was added to the vehicle and left in a glass container overnight at 4 ° C. The following morning, the suspension was mixed and sonicated using the Misonix Sonicator 3000 (Sonicator, Newton, Conn., USA) for 2-3 min. This procedure was repeated until a fine suspension with particles that are not visible anymore was obtained.
Necropsy and Assessment of Islet Cell Tumor Growth
The animals were weighed twice weekly and monitored daily for signs of distress and cachexia, and were euthanized if they became moribund or when they showed severe signs of hypoglycemia.
The pancreas was removed, weighted and inspected for grossly visible tumors and either preserved in 4% formalin solution (Sigma-Aldrich, Hamburg, Germany) for histology or processed for RNA extraction (see below). For evaluating a change in islet cell neoplasm growth, four sections from each mouse were analyzed as described previously [20] . These sections were taken 1, 10, 20, and 40 μm from the surface of the pancreas and HE stained. All the islets were marked, and their surface measured with the Leica QWin image analysis (Leica, Wetzlar, Germany; fig. 2 ). Results are given in μm 2 . After measuring all islets, the total surface of all islets from each group was added and compared.
Immunostaining
For immunolabeling, formalin-fixed and paraffin-embedded archived tumor samples and corresponding normal tissues were stained as previously described [22] . Concentrations and sources of primary antibodies are available on request. Briefly, slides were heated to 60 ° C for 1 h, deparaffinized using xylene, and hydrated by a graded series of ethanol washes. Antigen retrieval was accomplished by microwave heating in 10 m M sodium citrate buffer of pH 6.0 for 10 min. For immunohistochemistry, endogenous peroxidase activity was quenched by 10-min incubation in 3% H 2 O 2 . Nonspecific binding was blocked with 10% fetal bovine serum. Sections were then probed with primary antibodies overnight at 4 ° C. For immunohistochemistry, bound antibodies were detected using the avidin-biotin complex peroxidase method (ABC Elite Kit, Vector Labs, Burlingame, Calif., USA). Final staining was developed with the Sigma FAST DAB peroxidase substrate kit (Sigma, Deisenhofen, Germany). The immunohistochemistry results were scored as described previously [20] : negative = less than 5% cells positive; + = <30% cells positive; ++ = >30% cells positive. Ki67-and caspase-3-positive cells were counted by manual assessment within defined 10× fields of view (n = 3/section; 3 sections analyzed/animal). Ki67-and caspase-3-positive cells were counted as a fraction of total nuclei within a region.
Mouse Islet Isolation
Isolation buffer was mixed by HBSS containing 10 m M of HEPES, 1 m M of MgCl 2 , and 5 m M of glucose to a pH of 7.4. Collagenase P (Boehringer Mannheim-Roche, Ingelheim, Germany) was added to the isolation buffer and dissolved by vortexing. 2 ml of collagenase solution was dispensed into each glass vial and placed on ice. Just before dissection, animals were sacrificed by cervical dislocation. After laparotomy, the bowel was removed to the left side of the open mouse to expose the pancreas and common bile duct. A hemostat clamp was placed on either side of the duodenum, where the bile duct drains, leaving a small pocket for collagenase solution to enter the intestine. The pancreas was inflated through the bile duct with a 30-gauge needle and 5-ml syringe containing 3 ml of cold collagenase solution, starting at the gall bladder. The pancreas was removed and placed in a siliconized vial containing 2 ml of collagenase solution. The vial was placed into a 37 ° C water bath and incubated for 13 min and rigorously shaken afterwards. Each digest was poured through a large sterile sink strainer into a sterile 1,000-ml beaker. The digests were placed into 50-ml conical tubes and spun down at 1,300 rpm. The supernatant was aspirated and the pellet resuspended by tapping vigorously and adding 50 ml of wash buffer. This step was repeated three times. Then, the pellet was resuspended in 7 ml of Ficoll, and repeated for different Ficoll densities (1.108, 1.096, 1.069, and then 1.037). Islets were picked from the second layer using sterile plastic eye dropper. All collections were then transferred to a 50-ml conical tube containing ∼ 25 ml of cold buffer. Islets were resuspended in 20 ml RPMI-1640 (containing 10% FCS and penicillin and streptomycin, HEPES, MEM-NEAA) and mixed gently. Islets were then confirmed as islet cells by running real-time RT-PCR for endocrine (e.g. insulin) and exocrine (e.g. amylase) markers and were then stored at -80 ° C for further processing.
Cell Culture BON-1 pancreatic carcinoid cells [23] were grown in DMEM/ FK-12 (Invitrogen, Carlsbad, Calif., USA) supplemented with 10% fetal calf serum (FCS; Invitrogen) and 1× Pen/Strep (Biofluids, Camarillo, Calif., USA) at 37 ° C in a humidified atmosphere containing 5% CO 2 . The cell line was routinely tested for mycoplasma infection using the MycoSensor PCR Assay Kit (Stratagene, La Jolla, Calif., USA). Epidermal growth factor (EGF), hepatocytegrowth factor (HGF) and IGF-I were obtained from R&D Systems (Minneapolis, Minn., USA). 
Measurement of Tumor Cell Growth in vitro
To evaluate effects of HSP90 blockade with AUY922, tumor cells were seeded in 96-well plates (1 × 10 3 per well) for 24, 48 and 72 h under full medium (10% FCS). We used the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium, SigmaAldrich, Hamburg, Germany] assay to assess cell growth as described before [13] .
Western Blotting for HSP90 Clients
Experiments were performed at a cell density of 60-70%. Cells were incubated with AUY922 for 2 and 24 h under full medium conditions. Whole-cell lysates were prepared as described elsewhere [13] . Protein samples (50 μg) were subjected to Western blotting on a denaturating 10% SDS-PAGE. Membranes were sequentially probed with antibodies to indicated signaling intermediates. Antibodies to phospho-Akt Ser473 , Akt, phospho-ERK Thr202/Tyr204 , ERK, phospho-FAK Tyr925 , FAK, phosphop70S6K c-Myc, Her2, EGFR, phospho-cMET Tyr1234/1235 , cMET and phospho-IGF-1R Tyr1131 were purchased from Cell Signaling Technologies (Beverly, Mass., USA), and antibodies to β-actin and IGF-IRβ from Santa Cruz Biotechnologies (Santa Cruz, Calif., USA). For assessment of growth factor-induced activation of signaling pathways, cells were incubated with AUY922 (10 n M ) for 24 h and subsequently stimulated for 15 min with HGF (50 ng/ml), EGF (40 ng/ml) and IGF-I (100 ng/ml).
RNA Extraction and Real-Time RT-PCR
RNA extraction and cDNA synthesis were performed as previously described [24] . Fresh isolated islet cells or cultured BON1 cells were homogenized and lysed with 600 μl buffer RLT, and whole RNA was extracted using the RNeasy kit (Qiagen, Hilden, Germany) with on-column DNA digestion following the standard protocol provided by the manufacturer. The mRNA was reverse transcribed into cDNA with oligo-dT primers using the Superscript 1st Strand System for RT-PCR (Invitrogen) at 42 ° C for 50 min. All PCRs were carried out on a 7500 Real-Time PCR System (Applied Biosystems, Foster City, Calif., USA) over 40 cycles, with denaturation for 15 s at 95 ° C and combined annealing/extension at 60 ° C for 1 min. Following an activation step at 95 ° C for 10 min, determination of mRNA expression was performed over 40 cycles with 15 s of denaturation at 95 ° C and annealing/extension/data acquisition at 60 ° C for 60 s using the Power SYBR ® Green PCR kit (Applied Biosystems). Primer sequences are available on request. Relative fold mRNA expression levels were determined using the 2( -ΔΔ Ct) method [25] with large ribosomal protein P0 (RPLP0) as housekeeping gene. All reactions were done in triplicate, and results are presented as means and standard errors.
Statistical Analysis
Survival curves were computed using the Kaplan-Meier method. The log-rank test was applied to identify significant differences. Differences in the mean of two samples were analyzed by an unpaired t test. p values <0.05 were considered statistically significant. Data were analyzed using SPSS software (version 16; SPSS Inc., Chicago, Ill., USA).
Results
HSP90 Blockade in BON-1 Cells
The pancreatic carcinoid cell line BON-1 was used for in vitro studies. In MTT assays, AUY922 led to a dosedependent inhibition of tumor growth. In particular, significant effects on growth were found after 48 h of treatment with 10 n M, whereas 5 n M had only minor effects (data not shown). Next, we assessed the effects of HSP90 blockade on signaling pathways. After 24 h, a dose-dependent inhibition of Akt and ERK phosphorylation was observed, which was paralleled by downregulation of total Akt and FAK expression. Moreover, AUY922 led to impairment of c-Myc expression, starting from 5 n M AUY922. Surprisingly, no effect on HIF-1α expression was found ( fig. 3 a) . Furthermore, no effects on constitu- 
Impairment of Growth Factor-Induced Activation of Akt/mTOR Pathway by HSP90 Inhibition
Since growth factor-induced activation of Akt/mTOR signaling is an important issue for tumor growth in pNENs, we subsequently assessed the effects of HSP90 inhibition on EGF-, HGF-and IGF-I-induced activation of this pathway in BON-1 cells [12] . Regarding EGF signaling, results showed a strong inhibition of Her2 and EGFR expression. Furthermore, EGF-induced Akt activation was impaired ( fig. 3 b) . In HGF-stimulated BON-1 cells, targeting HSP90 diminished cMET phosphorylation in addition to inhibition of HGF-induced Akt and p70S6K phosphorylation. Moreover, the corresponding cMET receptor was downregulated ( fig. 3 c) . Finally, HSP90 blockade diminished expression of IGF-IR and impaired IGF-I-induced phosphorylation of Akt and p70S6K ( fig. 3 d) . In summary, these results implicate that treatment with the HSP90 inhibitor AUY922 impairs constitutive and growth factor-induced activation of oncogenic signaling cascades, in particular Akt/mTOR signaling, in human pancreatic endocrine cancer cell line BON-1.
Development of Islet Cell Neoplasms in RIP1-Tag2
Mice As previously described [20] , we observed development of islet cell hyperplasia and subsequent islet cell tumors in RIP1-Tag2 mice compared to wild-type control mice. 
HSP90 in Islet Cell Neoplasms of RIP1-Tag2 Transgenic Mice
To determine target expression in RIP1-Tag2 islet cell neoplasms, the pancreata were harvested and stained for HSP90 using immunohistochemistry. As illustrated, islet tumor cells of untreated RIP1-Tag2 mice showed strong positive staining for HSP90 ( fig. 4 a) . In contrast, only weak staining of HSP90 was detected in RIP1-Tag2 mice treated with AUY922 ( fig. 4 b) . These observations demonstrate that HSP90 is expressed in islet cell neoplasms of RIP1-Tag2 mice, and treatment with an HSP90 inhibitor reduces its expression, therefore providing a valid target for AUY922. fig. 4 c, e), whereas in RIP1-Tag2 mice treated with AUY922, 1.3% of all counted tumor cells were caspase-3 positive ( fig. 4 d, e) .
AUY922 Augments Apoptosis in Islet Cell Tumors in vivo
AUY922 Decreases Proliferation in Islet Cell Tumors in vivo
Islet tumor cells were found to be highly proliferative. Accordingly, Ki67 expression was observed in 30% of islet tumor cells in untreated RIP1-Tag2 mice ( fig. 4 f) . In RIP1-Tag2 mice treated with AUY922, a proliferation rate of only 14% was found, resulting in a significant (46%) reduction upon HSP90 inhibition ( fig. 4 g, h ; p = 0.02).
AUY922 Decreases Tumor Growth
Treatment of the RIP1-Tag2 mice began at 5 weeks of age, when every mouse had a few small but highly vascularized solid neoplasms, and was continued until week 12 when mice had end-stage disease. In treated animals, AUY922 significantly reduced the tumor volume by 92.4% (786,258 vs. 10,465.974 μm 2 , p = 0.000) compared to control mice ( fig. 5 a) . In mice treated with AUY922, most of the islet cell neoplasms showed only signs of hyperplasia ( fig. 5 b) , whereas in untreated RIP1-Tag2 mice, invasive islet cell neoplasms were detected ( fig. 5 c) .
AUY922 Prolongs Survival in RIP1-Tag2
Mice HSP90 inhibition by AUY922 prolonged overall median survival of RIP1-Tag2 mice by 9 days as compared to mock-treated animals (median survival 119 vs. 100 days). However, this failed to reach statistical significance (p = 0.075; fig. 5 e) .
Treatment of RIP1-Tag2 Mice with AUY922 Diminishes Endogenous Insulin mRNA Expression
To determine whether blockade of HSP90 by AUY922 affects adult pancreas and β-cell function in vivo, we per- formed quantitative real-time PCR for treated and untreated RIP1-Tag2 mice. Treatment with AUY922 led to significant reduction of endogenous insulin mRNA expression in islet cell neoplasms ( fig. 6 a) .
Downregulation of BRAF and Ptch1 in Islet Cell Neoplasms by AUY922
We have previously shown the importance of Ptch1 and Ptch2 -crucial parts of hedgehog signaling -in development of pNENs [20] . Therefore, expression of these factors was determined and quantitative real-time PCR for Ptch1 and Ptch2 demonstrated significant downregulation in the islet cell neoplasms of RIP1-Tag2 mice treated with AUY922 (p < 0.05; fig. 6 b) . Immunostaining also confirmed a loss of Ptch1 upon HSP90 blockade ( fig. 6 c, d ). These results suggest that not only HSP90 clients are affected by AUY922 but also other factors implicated in PNET progression.
Given the clinical and histopathological evidence that AUY922 impairs tumor growth, we finally explored BRAF as an HSP90 client protein in the neoplastic tissue of treated RIP1-Tag2 mice. Results from immunohistochemistry revealed a loss of BRAF expression in islet cell neoplasms of treated RIP1-Tag2 mice ( fig. 6 e, f) . This result shows that we achieved effective pharmacologic levels for HSP90 inhibition with AUY922 in vivo.
Discussion
Complete surgical resection is the most promising treatment for pNENs, but only a minority of patients are suitable for surgery due to advanced tumor stages [26] . Therefore, novel therapeutic options based on the molecular biology of this tumor are urgently needed. HSP90 has been considered a promising new therapeutic target in other neoplasms, including pancreatic ductal adenocarcinoma [27] , hepatocellular carcinoma [28] , breast cancer [29] , esophageal and gastric cancers [30] , and others. With regard to pNENs, HSP90 expression has been described in almost 95% of pNENs and, therefore, might be an interesting novel target for antineoplastic therapy in pNENs [6] . The present study provides evidence that targeting HSP90 impairs activation of oncogenic signaling including Akt/mTOR activation. This is in line with our previous reports showing an impairment of Akt and Erk signaling in various other cancer entities such as pancreatic cancer, gastric cancer and hepatocellular carcinoma [13] [14] [15] . Moreover, the observation that HSP90 blockade impairs mTOR phosphorylation is of particular importance since the Akt/mTOR pathway has been implicated in tumorigenesis and progression in pNENs [12] . In addition, clinical studies with the mTOR inhibitor everolimus showed an improvement of progressionfree survival and, therefore, everolimus has been approved by the FDA for treatment of progressive or metastatic pNENs [31, 32] . Based on our results, one might speculate that the use of HSP90 inhibitors provides an advantage compared to the use of an mTOR inhibitor alone by targeting HSP90 clients in addition to the mTOR pathway. The RIP1-Tag2 transgenic mouse model serves as a general prototype of the pathways, parameters, and molecular mechanisms of multistage tumorigenesis [18] . Lopez and Hanahan [19] have used the RIP1-Tag2 model to examine the utility of inhibitors of angiogenesis and matrix metalloproteinases. Recently, our group was the first to describe the dramatic effect of hedgehog inhibition by i.p. injections of cyclopamine and LDE225, two well-described Smoothened inhibitors [20] . To our knowledge, this is the first report demonstrating a role of HSP90 in an autochthonous islet cell tumor mouse model. After treatment for several weeks, no invasive carcinoma was found in histopathological evaluation. Downregulation of BRAF was found in the tumor cells of AUY922 treated mice, and survival was prolonged in the AUY922 treated RIP1-Tag2 mice for 9 days. To this day, more than 200 HSP90 client proteins have been discovered. The aforementioned serin/threonine-protein kinase BRAF is such a client of HSP90 and mutated in approximately 7% of all human malignancies [33] . Sobczak et al. [34] could show that BRAF plays an essential role in the regulation of neoangiogenesis -a crucial step towards invasive carcinomas in RIP1-Tag2 mice. Our recent works went a step further. By inhibiting BRAF with sorafenib we could prolong survival and reduce tumor volume in treated RIP1-Tag2 mice [35] . In the present study using the HSP90 inhibitor AUY922, we found similar positive effects in treated mice. Therefore, targeting the expression of BRAF through the inhibition of HSP90 and in that manner disrupting crucial pathways involved in tumor development further supports the new therapeutic approach in pNENs.
Some of our earlier studies suggested the significance of the Hedgehog pathway in the development of islet cell neoplasms in RIP1-Tag2 mice. In order to pick up where our recent work left off, we now evaluated whether the inhibition of HSP90 would show similar findings. Indeed, we found a downregulation of Ptch1 -an integral part of this signaling cascade -in immunostaining as well as in quantitative real-time PCR in mice treated with AUY922. The fact that Ptch1 has not yet been described as an HSP90 client protein suggests either the wide-ranging abilities of HSP90 inhibitors to disrupt tumor signaling cascades or the need for further investigation of HSP90 and its client proteins. Either way, our data indicate that combining AUY922 with a specific inhibitor of the Hedgehog pathway could lead to an even stronger suppression of tumor growth.
Furthermore, our data showed a significant downregulation of insulin-mRNA in mice treated with AUY922 compared with mice in the control group. It is a question of future studies to answer whether the treatment with AUY922 is capable of reducing the symptoms of hypoglycemia that are mostly responsible for the loss of life quality in patients with advanced malignant insulinoma. But on the other hand, the mere possibility of an induced diabetes mellitus using AUY922 in other tumor settings should also be taken into consideration.
The present results provide the first evidence that targeting HSP90 with AUY922 may be a very attractive target for patients with pNENs by disrupting multiple signaling cascades. After achieving a tumor volume reduction by 92%, we feel that this observed effect is meaningful given the strong underlying 'genetic force' and the extremely rapid course of disease. The observations of this present study have obvious clinical implications, and it is our hope that this potent pharmacological HSP90 inhibitor will soon be evaluated in a clinical setting since this will be the only way to ultimately learn whether or not this approach has therapeutic potential in human disease.
